Background: While external factors are responsible for many human cancers, precise estimates of the contribution of known carcinogens to the cancer burden in a given population have been scarce.
It has been recognized for several decades that many human cancers are caused by external factors and therefore can-at least in theory-be prevented [1] . A large number of agents, mixtures and exposure circumstances have been classified as established human carcinogens by the International Agency for Research on Cancer (IARC), and more are suspected carcinogens [2] . In parallel, understanding of carcinogenesis has progressed, and despite the remaining uncertainties this has helped to base cancer prevention on reliable quantitative data [3] .
Following some early reports [4] [5] [6] , systematic estimates of the burden of cancer due to different carcinogens were produced for the United States in the early 1980s by Doll and Peto [7] . They have been updated [1, 8] , in particular for the Nordic countries in 1998 [9] , and for the UK in 2003 [10] . Estimates of cancer burden were, however, often limited to one risk factor [11] or were based on subjective criteria and selective reviews of the available evidence.
The present study had two aims: first, to base the estimate of attributable cancers on an analysis of risk and exposure data for a specific country in order to reduce subjectivity; secondly, to study in parallel the time course changes of the mortality caused by the various types of cancers in the last decades in order to check the consistency of the two sets of data.
methods
We estimated the proportions of specific cancers occurring in France in 2000, which can be attributed to previous exposure to specific risk factors [attributable fractions (AFs)] [12] . For risk factors that can be avoided, at least in theory, this is the fraction of total cases which would not have occurred without exposure [13] ; for risk factors that cannot be suppressed, we estimated the fraction of cancer that would not have occurred under an alternative scenario of attainable frequency, level or intensity of exposure [14] . We report here results on attributable cancer deaths. Corresponding estimates for cancer incidence are presented in the full report of our study [15] .
In parallel, we analyzed age-standardized cancer mortality rates in France since 1950 and cancer incidence rates since 1978. Sex-and age-specific numbers of deaths in the period 1950-2004 for each International Classification of Diseases-10 cancer category were provided by the Institut National de la Santé et de la Recherche Médicale (CepiDC). Trends in cancer incidence for the period 1978-1997 were estimated using data reported for four population-based cancer registries (Bas-Rhin, Calvados, Doubs and Isere) in subsequent volumes of the series Cancer Incidence in Five Continents [16] . Mortality data are preferred on this occasion to the estimates of incidence since only 13% of the population of France was covered by population-based cancer registries in 2000 [17] .
Three groups of risk factors included in the study are listed in [20] and (iii) reproductive factors were included in the review, although they have never been evaluated by an IARC working group, since a large body of evidence supports their role in breast and ovarian cancer [21] . Some established carcinogens were not included in the review because exposure is very rare or very low in France, for instance infestation with Schistosoma haematobium or liver flukes and intake of aflatoxin.
The number of cancers induced by exposure to ionizing radiation was not assessed because the exposures are very small (a few millisieverts per year, even among exposed workers) and for these doses the carcinogenic effect, if any, is likely to be very small, with no observational data allowing to quantify it. Mathematical models used for estimating the risk are controversial [18] .
The burden of cancer observed at any given time reflects the cumulative effect of past exposures, and the time periods of exposures relevant to carcinogenesis vary by cancer and risk factor and are not well known. For most associations between cancers and risk factors, we selected a delay between exposure and clinical emergence of cancer of 15 years (i.e. we considered exposures occurring around 1985) as a compromise. We assembled data on frequency of exposure to risk factors in France from different sources, giving priority to French representative surveys. Linear interpolation or extrapolation of data from years other than 1985 was necessary in several instances. In the case of reproductive factors, we compared the patterns among French women in 2000 with those prevalent in 1980. Supplemental information is available in the full report [15] .
The AF was calculated based on the relative risk (RR) of cancer associated with exposure to the risk factor and the population frequency of exposure (P) to the risk factor [22] AF = PðRR21Þ ½PðRR21Þ + 1 :
The RRs we used were based on recent meta-analyses or, if meta-analyses were not available, on the most comprehensive studies available in the literature. In some instances, we conducted ad hoc meta-analyses.
When risk or exposure data were reported in multiple exposure categories, they were combined in a dichotomous variable, as proposed by Hanley [23] . When exposure data were available only as continuous variables, we derived the risk of cancer per unit increase in exposure and estimated the average risk for the whole population based on the average level of exposure, assuming a log-linear relationship between exposure and risk, by means of the formulae: Risk = exp½lnðrisk per unitÞ · average exposure level and AF = ðrisk21Þ=risk:
For each type of cancer, the AFs to different factors cannot be added because some individuals are exposed to more than one risk factor. In the absence of detailed information on the nature of most interactions, and of the joint distribution of exposure frequencies, it is necessary at least to take into account the degree of overlap of AF under the assumption of independence of exposures and effects. For two risk factors A and B, the following formula can be applied:
This formula can be generalized to more than two risk factors. Given the predominance of tobacco smoking as cancer risk factor, we estimated the AF in smokers and nonsmokers, by (i) attributing all tobaccoattributable cancers to smokers, (ii) distributing the remaining deaths according to the frequency of smoking and (iii) applying the AF for other risk factors.
results
The temporal trends in cancer incidence and mortality in men and women are presented in Figure 1 . In both sexes, cancer incidence increased from 1978 to 1997. In contrast, mortality among women has slowly decreased since 1950. This was mainly due to a lower incidence of stomach and cervical cancer. Mortality from lung cancer was stable from 1950 to Table 2 . Tobacco smoking and alcohol drinking are the main cancer risk factors in France. Infectious agents as well as occupation in men and overweight, lack of physical activity and use of exogenous hormones in women are each responsible for 2%-4% of cancer deaths. The remaining factors account for a relatively small proportion of cancer deaths. Overall, 42.5% of cancer deaths in men and 23.6% in women (35.0% in both sexes combined) are attributable to the risk factors selected for the analysis.
Summary results for individual cancers are reported in Table 3 ; detailed cancer-specific results are available in the full report [15] . Very large AFs equal to 70% or more are observed for cancers strongly associated with tobacco smoking, alcohol drinking and chronic infections (e.g. head and neck, lung and cervical cancers). Intermediate AFs (e.g. in the range 20%-69%) are observed for cancer with one or more important, but not predominant, risk factors (e.g. stomach, breast and kidney cancers) and AFs <20% are observed for several frequent cancers (e.g. colon-rectum, endometrium and prostate cancers) whose etiology is largely unknown. Differences in cancer-specific AF between men and women are explained by differences in the frequency of exposure to important risk factors, such as tobacco smoking, alcohol drinking and some occupations.
The results of the analysis stratified by smoking status are reported in Table 4 . Among male smokers, 50.6% of cancer deaths were attributed to the risk factors considered, of which 67% to tobacco, either alone or in combination to other risk factors, while in male nonsmokers 14.0% of cancer deaths were attributed to the same risk factors. The corresponding figures for women were 31.8% among smokers (of which 54% to tobacco) and 15.6% among nonsmokers, and in the two sexes combined, they were 45.4% and 15.0%. [24, 25] .
The increase in cancer incidence during the last decades is not paralleled by the trend in mortality and is largely explained by an increase in incidence of screen-detected cancers, in particular breast cancer in women and prostate cancer in men. Data on cancer mortality are not affected by this phenomenon. The decrease in female cancer mortality since 1950 is particularly noteworthy. This finding strongly argues against an important role of pollution in cancer: deaths which occurred in 1950 were due to cancers initiated in the 1930s, time at which France was mostly a rural country, in which industry and automobile traffic were modestly developed and the chemicals presently incriminated in the lay press as major carcinogens (e.g. pesticides, food additives, endocrine disruptors and electromagnetic fields) were almost nonexistent.
Our approach was based on the distinction of established human carcinogens and probable or suspected ones. Decisions based on beliefs or opinions can be ineffective and sometimes detrimental. Our results do not intend to preclude action if deemed urgent but underline that research is mandatory.
Tobacco smoking is the main cause of cancer in France both in the male and the female population. There are reasons why our results for men may represent a conservative estimate of the burden of tobacco-associated cancer. First, we did not include a few rare cancers (cancers of the nasopharynx, nose and paranasal sinuses and myeloid leukemia) for which a causal association with tobacco smoking has been demonstrated [26] . Secondly, for several other cancers, a causal association with tobacco smoking is suspected, although not yet demonstrated: a notable example is colorectal cancer. Thirdly, the risk estimates were based largely on studies conducted in populations smoking primarily or exclusively blond-tobacco cigarettes, while consumption of black-tobacco cigarettes, which is associated with a higher RR of most tobacco-related cancers [26] , has been a characteristic of French smokers until the recent past. An independent analysis based on a different methodology [27] resulted in estimates of AF to tobacco smoking of 35% in men and 4% in women [28] . While results in men are close to ours, the discrepancy of results in women underlines the uncertainties in AF estimates for risk factors whose impact has not yet reached maturity.
Alcohol drinking is the second most important cause of cancer mortality in French men and the fourth in women. Alcohol drinking has considerably decreased in both sexes in France over the recent decades [29] , resulting in sharp decreases in mortality from alcohol-related diseases such as cancer of upper aero-digestive tract. Although our estimates of the 
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number of cancers attributable to alcohol drinking in men are higher than those derived in the past for the United States or Australia [30] , they are comparable to those provided for Europe in recent studies [31] . The accuracy of our estimates is limited by the quality of the available data on prevalence of alcohol intake: while average consumption of the population was estimated from tax information completed by estimates of untaxed products, this figure was partitioned by sex based on survey data, which are less reliable. The importance of other risk factors, including occupation, lack of physical activity and ultraviolet light, might have been slightly underestimated because of imperfect knowledge of the causal associations and lack of sensitivity of available studies, but the margin of error is probably small. Moreover, our results are consistent with estimates made in other countries [9, 10] . The results on use of exogenous hormones reflect the high frequency of use of hormone therapy among French women [32] . The results on reproductive factors are particularly vulnerable to the assumptions involved in the calculation of AF, in particular to the choice of the alternative exposure scenario. Our choice of comparing reproductive patterns in 2000 with those prevalent 20 years before has likely minimized the role of this group of causes because the reproductive patterns have not changed much and changes took place in opposite directions. A recent estimate for UK, based on a more extreme exposure contrast, resulted in a more important role of reproductive factors in female cancers [10] . For these reasons, we prefer not to include these results in the summary tables.
Many chemicals have been postulated as human carcinogens (pesticides, dioxin, endocrine disruptors, etc.). The clinical and experimental data are, however, not consistent with a substantial role of pollution in human cancer [33] . Moreover, the concentrations to which the public is exposed are very low and biological data show that great caution is required before extrapolating from high to low exposure. Among pollutants that are putative carcinogens, those which are likely to have the greatest impact are those present in outdoor air, in particular fine particles [34] . A recent study has claimed that they could increase incidence of lung cancer in France [35] . Even if the action of air pollution is taken into account, the total proportion of cancers attributable to pollution would not exceed 1%, a figure consistent with that reported in Nordic countries and the UK [9, 10] .
A large proportion of cancers are of unknown origin. This important observation is unlikely to be due to an underestimation of the effect of pollution. It may rather be due to an underestimation of two other risk factors. During the past decade it has been shown that all cervical cancers and a sizable proportion of cancers of the head and neck, stomach, liver, anogenital organs as well as Hodgkin's lymphomas are due to infectious agents, as well as a smaller proportion of leukemias and non-Hodgkin's lymphomas. The validity of the estimates of cancer deaths attributable to chronic infections is particularly problematic because risk estimates were largely derived from other populations, and data on frequency of infection from representative samples of the French population are lacking, in particular in the past. Our estimates are lower than those proposed by other authors [36] . These discrepancies might be explained by a lower frequency of infection in France than in some other countries (e.g. to Epstein-Barr virus and hepatitis B virus), and by the conservative nature of our approach, which resulted in the exclusion of carcinogenic agents such as human immunodeficiency virus because there were no reliable infection frequency data. It is plausible that infectious agents are also involved in the carcinogenic process of several other types of human cancers, up to 18% according to some authors [37] and this avenue for research should be actively pursued because the discovery of an infectious origin has important consequences for prevention by prophylactic measures or vaccination. Doll and Peto [10] estimated that about one fourth of cancers in UK could be associated with diet, while in the present study, only a few percent of cancers in France were attributed to established nutritional factors, a likely underestimation. Descriptive epidemiology [16, 17] has shown that the incidence of some cancers, in particular breast and colorectal cancers, varies widely and is much lower in Asian than in Western countries [38] and, moreover, increases with the westernization of the lifestyle of a country (e.g. Singapore) or among migrants [39] . Epidemiological studies have yet been unable to identify the relevant factors [19] but it is highly probable that diet is involved either directly by stimulating cell proliferation or indirectly by enhancing the release of hormones such as growth hormone or insuline-like growth factor-1 and-2. There are several possible reasons for the present lack of evidence: most studies have been carried out on adult populations, there is evidence that the delay between exposure and cancer occurrence can be much longer than one or two decades and the diet of the mother during pregnancy [40] and that of the infants and children can play a role and should be investigated [41] . Furthermore, most studies have focused on the type of food (e.g. meat or fruit) rather than on the calorie content, and it has been hypothesized that even in the absence of overweight, food with a high caloric content may cause cancer [19] . Finally, exposure misclassification remains a major problem of available studies of diet and cancer [19] .
Our study shows that the main risk factors for cancer in France are related to lifestyle. This result is applicable to most high-income countries and should help define strategies for cancer prevention. Although our data show that it is unlikely that pollution has a significant impact on cancer risk, studies on the relationship between cancer and environment should be pursued. A specific cause can be found for less than half of cancers, and the causes of variations in cancer occurrence between countries remain largely unexplained. The role of infectious factors and of diet should be more actively investigated. More fundamental research on carcinogenesis will contribute to elucidate these important questions. 
